UHV-deposited films of the mixed phase of tetramethoxypyrene and tetracyanoquinodimethane (TMP 1 -TCNQ 1 ) on gold have been studied using ultraviolet photoelectron spectroscopy (UPS), X-ray-diffraction (XRD), infrared (IR) spectroscopy and 
Introduction
Novel charge-transfer (CT) compounds based on organic molecules with -conjugated ring structures attract high attention because they offer the possibility to tailor the electronic structure of organic electronics devices. 1 The wavefunctions of the electronic -systems of the donor and acceptor constituents can be sensitively tuned via a change of the charge density by adding specific ligand groups at the periphery of the molecule. Characteristic for such compounds is a highly correlated electronic ground state that can exhibit superconductivity, spin density waves, or charge density waves. 2 Thus, this class of compounds is highly interesting not only because of potential applications but also for fundamental research.
Typically, these donor acceptor mixtures are crystallized in solution where the formation of a CT complex can often be checked by its characteristic color. 3 Solution-growth of crystals, however, is prohibitive for the standard techniques of electronic structure investigations because of the unavoidable surface contaminations. Surface-sensitive spectroscopies like UPS and STS require atomically clean surfaces. Classical preparation methods like ion sputtering combined with heating fail because of the sensitivity of the organic materials on such treatments. Thus, in-situ co-deposition in ultrahigh vacuum (UHV) is the only way to obtain suitable samples for surface sensitive techniques. Recently, we have succeeded in the UHVdeposition of donor -acceptor mixed phases for the classical system TCNQ/BEDT-TTF 4 (bisethylenedithiotetrathiafulvalene) and for the novel donor -acceptor pair hexamethoxycoronene -coronene-hexaone, 5 both moieties being derived from the same parent molecule using a novel synthesis route. 6 The synthetic approach developed facilitated the realization of new sets of donor and acceptor molecules with a systematic variation of the electronic properties via the type and number of substituents at the periphery. Retaining the aromatic ring system, the electron affinity and ionization energy can be controlled in a wide range from typical donor behavior for different degrees of methoxy substitution to strong acceptor behavior for the corresponding ketones. In the co-deposited films of the hexamethoxy-and hexaketoderivatives of coronene the CT is relatively weak. 5 For the present investigation we selected the combination of the classical strong acceptor TCNQ with a novel donor molecule TMP (in 1:1 stoichiometry), derived from the parent molecule pyrene by substitution of four methoxy groups. Both molecules have similar sizes as sketched in Fig. 1a . In cyclovoltammetry (CV) of TMP is oxidized at 0.7 eV against ferrocene, which corresponds to an ionization energy of 5.5 eV with respect to vacuum. This indicates that TMP is a moderate electron donor. The 3 strong acceptor TCNQ is reduced against ferrocene and the corresponding electron affinity level is estimated at 4.6 eV below the vacuum level. The combination of TCNQ with an unsubstituted PAH has been studied earlier by Chi et al. 8 who found a CT of the order of 0.2-0.3 in a 1:1 stoichiometric crystal of TCNQ and coronene. This amount of CT was larger than observed for other hydrocarbon-based CT complexes in earlier work. [9] [10] [11] [12] [13] TCNQ-coronene showed semiconducting behavior with a moderate transport gap of 0.49 eV, along with a rather high charge carrier mobility of 0.3 cm 2 /Vs.
Organic-metal interfaces have been investigated systematically, in particular for systems where CT occurs (see excellent reviews in Refs. [14] [15] [16] ).
The workfunction is a very sensitive indicator of a CT between metal and organic layer.
The compound has frontier energy levels that are hybrids of the respective frontier levels of the individual donor and acceptor molecule 17 as directly observed for the acceptor-donor pair Organic-metal interface states can show considerable energy dispersion because they result from a hybridization of metal and molecular states leading to anisotropic hybrid bands. 19 The purpose of the present work was to investigate the electronic structure of the mixed phase of TCNQ and TMP by various spectroscopic techniques. The results are compared to those obtained from the respective pristine molecular films. The organic films were grown on Au surfaces by (co-)sublimation in UHV. The spectra give information on the interface of the organic films and the metallic substrate. Clear signatures of an interface CT (between metal and organic layer) and an inter-molecular CT in the compound mixture have been found. The formation of a novel CT phase is corroborated by the appearance of new reflexes in XRD and a red shift of the CN stretching vibration of TCNQ, observed in infrared spectroscopy.
Density functional theory (DFT) calculations have been performed yielding the energy scheme and symmetries of valence orbitals of the pure moieties and of the compound. We find reasonable agreement between calculated and measured spectra. In co-deposited films the highest occupied molecular orbital (HOMO) derived from TMP and the lowest unoccupied molecular orbital (LUMO) derived from TCNQ are both shifted towards the Fermi level of the metal substrate. The HOMO-LUMO gap is reduced from 3.1 eV (3.16 eV) for pure TCNQ (TMP) to 1.25 eV in the CT complex as directly measured using STS.
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UHV-Deposition of the TMP-TCNQ mixed phase
For UHV deposition of high-purity films we used an evaporator with graphite crucible in an oxygen-free high conductivity (OFHC) copper holder with thermocoax heating element and NiCr-CuNi thermoelement for temperature regulation. Using a differentially pumped load-lock system, the evaporator could be changed and refilled without breaking UHV. The crucible was placed at a distance of 40 mm from the sample in measuring position in front of the electron spectrometer. In this way, the evolution of the spectra could be observed in small coverage steps during film deposition. The TMP-TCNQ mixed phase can be deposited in very good quality by loading the crucible with a mixture of both molecules. The base pressure before evaporation was about 3 The crystallites tend to form rows with lengths of up to several micrometers. At higher coverage (sample (ii)) the crystallites cover the whole surface. The films look dark orange giving evidence for an optical gap in the visible spectral range (films of pure TMP and TCNQ look yellow). In the photoelectron spectra corresponding to sample (i) the Fermi edge of the gold substrate was not visible. This means that the flat parts between the crystallites are not bare Au but are completely covered by the organic film. This suggests that the complex grows in a Stranski-Krastanov-like mode where an initial smooth multilayer covers the whole surface (smooth areas in image (ii)) before 3D crystallites are formed. We have observed similar microcrystals with sizes in the sub-micrometer range for the TCNQ/BEDT-TTF mixed phase. 4 As a consequence of slightly different evaporation rates, the partial vapour pressures of the two moieties in the molecular beam change with time. Despite of this time-dependent deviation from the 1:1 mixture in the molecular beam, the stable compound favours a 1:1 composition of the mixed phase. We believe that this is due to small sticking coefficients of 6 the molecules for a substrate held at room temperature. As a consequence, surplus donor or acceptor molecules, which are not subject to the CT phase formation, readily desorb from the surface. However, for sufficiently high vapour pressure pure TMP and/or pure TCNQ crystallites start to grow in coexistence with the mixed phase.
X-ray diffractometry was performed employing a Bruker D8 diffractometer with a Cu anode in parallel mode using a Goebel mirror. In Fig. 1c The structure resolution of the new CT compound is impeded by the presence of pure donor and acceptor phase in the grown TMP-TCNQ thin films. Therefore to get the crystal structure of the TMP-TCNQ complex growth optimization is needed. Presently, we can speculate on the likely stacking geometry of the newly found CT complex. In analogy to another CT compound containing the pyrene molecule: (hexamethoxypyrene -TCNQ) 20 a mixed stack geometry in TMP-TCNQ was found, but X-ray structure analysis needs futher refinement.
Spectroscopy of the pure and mixed phases
Infrared spectroscopy
Since a CT in the complex acts on the strength of chemical bonds, IR spectroscopy is a common tool to study this phenomenon in terms of the characteristic vibrational frequencies.
For TCNQ, the CN stretching vibration has proven to be a useful indicator of a CT, see e.g.
Ref. [8] .
Infrared spectra have been taken using a Fourier spectrometer (type Nicolet 730 FT-IR) in reflection geometry. ). This shift is characteristic for a CT to the acceptor TCNQ of the order of 0.3 e , as discussed in Ref. [8] . The spectrum of the high-coverage sample (ii)
shows a coexistence of red-shifted peak at 2219 cm 
Ultraviolet photoelectron spectroscopy
UPS measurements have been performed in a P-metal-shielded UHV chamber equipped with a photoelectron spectrometer (FOCUS CSA 300) and a helium discharge lamp operated The system TCNQ on Au (Fig. 3b) shows a more complex behaviour: During the initial phase of adsorption the work function drops slightly by 0.1 eV and then shows a steep rise by almost 0.7 eV. The initial weak variation reflects the interplay between the push-back effect (lowering ), a possible CT from Au into the first molecular layer (rising ) and, in addition, a possible deformation of the molecule. Bent TCNQ on noble-metal surfaces has been described in Ref. [23] . Upon completion of the first monolayer the push-back effect has reached saturation because it is only caused by molecules in direct contact with the metal.
However, the CT keeps on so that the work function exhibits a steep rise until the second layer is completed. Above two layers the further increase is rather small and the work function saturates at about 6.0 eV. This high value proves that there is a considerable CT from the metal into the organic film, leading to a strong dipole layer at the organic-metal interface. exhibits both smooth areas and 3D crystallites. We thus conclude that signals A´ and B´ result from the initial smooth multilayer, whereas A and B in spectra 7-9 originate from a surface completely covered by three-dimensional TCNQ-TMP crystallites (cf. sample (ii) in Fig.1b) .
The development of UPS spectra in Fig. 4 and the AFM images in Fig. 1b suggest a StranskiKrastanov like growth mode for the mixed phase of TCNQ-TMP. A similar growth mode has been observed for hexabenzocoronene on Au (111), where in the first four layers the molecules lie flat on the surface, whereas above four layers 3D bulk crystallites develop. 27 Previous STM investigations showed that the mixed phases of F 4 TCNQ and M-sexithiophene Energy minimization yields a parallel orientation with the centres of donor and acceptor lying above each other with 0.363 nm spacing and 0.6 nm lateral displacement.
Scanning tunnelling spectroscopy
For STS we deposited TMP-TCNQ in UHV under the same conditions as for the previously described experiments. In this case coverages of TMP-TCNQ corresponding to the coverage regime (i) in Fig. 1b were deposited on a clean W(110) surface for which a similar substrate -adsorbate interaction is assumed as in the case of the Au(111) surface used before.
In particular, the work functions are almost identical (5. 
Comparison of experimental and theoretical level positions
Summary and Conclusion
We have studied UHV co-deposited films of the novel donor TMP and the classical acceptor TCNQ in 1:1 stoichiometry on Au and Si using X-ray diffraction and various Fig. 4) , so that the gap will be somewhat larger for thick films or for bulk material of the CT compound. Pure TCNQ and TMP exhibit much larger gaps of more than 3 eV.
For TCNQ, we find good agreement between calculated and measured level positions: The STS LUMO lies close to the calculated LUMO eigenvalue and almost coincides with the CV result. Like for the complex, the UPS HOMO peak lies quite close to the predicted SCF binding energy. The calculated HOMO-LUMO gap is only 20% smaller than the experimental value for the optical gap from Ref. [30] .
For TMP the deviations between experiment and theory are larger. The HOMO and LUMO eigenvalues lie more than 2 eV above the STS values and the SCF binding energy of the HOMO lies 0.8 eV above the UPS signal. However, the CV value for the HOMO is fairly close to the HOMO eigenvalue. We may speculate that the pinning-effect of the energy levels in the thin film to the new electrostatic potential in the organic film due to the organic-metal interface (as discussed in Ref. [16] ), might be responsible for this discrepancy. This pinning is not accounted for by theory and CV measurements are free of such interface effects. This is probably the main reason why the experimental data for the condensed film lie significantly below the calculated values and the CV result.
Besides these near-at-hand differences between condensed and free molecules, there are also systematic differences between the STS and UPS positions of the HOMOs. The HOMO levels measured by STS for TMP and for the complex as well as the HOMO position for TCNQ estimated using opt (thin line) lie consistently above the UPS results, the distance being 0.7, 0.6 and 0.3 eV for TCNQ, the CT-complex and TMP, respectively. The differences point on the fact that these two spectroscopies are fundamentally different: STS probes the The fact that the deviation between UPS and STS HOMO positions is maximum for TCNQ might be connected with the strong interface dipole increasing the work function by 0.7 eV. In this case, the negative side of the dipole is oriented towards the organic film. It is likely that STS experiences only part of this "level biasing" because the tip itself introduces an energy reference level towards the vacuum side, whereas this reference level is missing in UPS.
For the CT-compound we observed the growth of a flat multilayer at low coverage and the appearance of 3D crystallites above about 4 monolayers. It is likely that the molecules in the first layers lie in a face-on orientation on the surface, whereas the multilayer film attains the bulk structure of the compound. This structural transition from the smooth multilayer to 3D crystallite growth shows up in UPS as a shift of the photoemission peaks towards higher binding energy. In this context it is worthwhile being mentioned that the positions of peak maxima and line shapes in angular resolved UPS of thin films depend on the molecular orientation in the film. [32] [33] [34] . This effect can also be interpreted in terms of orientationdependent ionization energies. 35 A full structural analysis of the studied thin films is thus highly desirable, such a study is presently being performed.
